Abstract: Organic-rich marine-continental transitional shales are widely distributed in Guizhou Province, China. Samples from the Late Permian Longtan Formation were investigated using organic petrography analysis, X-ray diffraction (XRD) analysis, field emission-scanning electron microscopy observations, mercury intrusion capillary pressure and gas adsorption experiments to better understand the organic geochemical characteristic, mineralogical composition, full-size pore structure characteristics and fractal characteristic of shale reservoir. The relationships among the total organic carbon (TOC) content, mineral composition, pore structure parameter, methane adsorption capacity and fractal dimension of shale samples are discussed, along with the differences between different sedimentary microfacies. Results show that shale samples are characterized by high TOC contents, low permeability, complex mineral composition and pore structure. Shales of YV-1, deposited in delta and lower delta plains, have an extreme high clay content (71.33% average) and the clay minerals mainly consist of the I/S and kaolinite, while shales of XD-1, deposited in the lagoon-tidal flat, have a relatively low clay content (37% average) and the I/S occupies an absolute advantage. The pore volume, specific surface area and average pore diameter of YV-1 (0.02881 cm 3 /g, 20.806 m 2 /g and 11.07 nm, respectively) are larger than that of XD-1 (0.02110 cm 3 /g, 20.101 m 2 /g, and 8.40 nm, respectively). The mesopore of YV-1 is the predominant contributor to the pore structure, while the micropore of XD-1 also occupies a certain proportion in addition to the mesopore. Organic matter (OM)-hosted pores are largely developed in XD-1 samples, while clay mineral-hosted pores dominate the pore system of YV-1. Shale samples with higher TOC content and clay content generally have larger specific surface area and pore volume, which provides more adsorption space and enhances pore structure heterogeneity. Samples of XD-1 have high TOC contents, suitable mineral composition and complex pore structure, suggesting that shales deposited in a lagoon-tidal flat environment may have a greater potential for shale gas development.
Introduction
The remarkable success in the commercial development of shale gas in North America has stimulated a shale gas exploration boom worldwide and significantly changed the pattern of global energy supplies. With the growth of energy demand and the improvement of experimental techniques, shale gas has attracted more attention and great progress has been made in China.
Previous studies have demonstrated that there are a large number of nano-scale pores and fractures in shale [1] . Production in low permeability shale critically depends on the nano-sized pore Table 1 . Basic geological parameters of shale reservoirs in southwest Guizhou, cited from Guo et al. [25] . Tectonically, Guizhou Province can be subdivided into six major structural units: north of the Yunnan-Guizhou depression, the Wuling depression, the central Guizhou uplift, the southwestern Guizhou depression, the southern Guizhou depression and the Xuefeng uplift [26] . Both of the two study areas are located in southwestern Guizhou depression ( Figure 1a ). The main tectonic evolution in Western Guizhou Province includes: a basement formation stage during the Wuling-Xuefeng period, a passive continental margin-stable platform stage during the Caledonian period, an intra-continental rifting-platform stage during the Hercynian period, a stable platform stage during the Indosinian period, and intra-continental river deposition stage during the Yanshan period and an overall uplift of mountain fault depression stage during the Himalayan period [27] .
The superposition of multistage tectonic movement formed trough-like folds and different trending faults. The single fold is often S-shaped or anti S-shaped, indicating that the tectonic deformation was dominated by compression. Different trending faults may intersect each other. Panxian County is located in a coal-accumulated basin, which has a complex anticline and syncline structure and is restricted by the well-developed normal faults in the Panxian structural belt (Figure 1b) [28] . Peat-accumulation took place during Upper Permian have a complex process, the western flank of Panguan syncline first experienced uplift and denudation, and then sedimentary burial, which is favorable for shale gas reservoir preservation. In Xingren County, the folds are mainly NW trending, the axis is nearly upright, and the hinge zone of fold is smooth. The NE strike-slip faults are well developed, extending for tens of kilometers, and the fault spacing can reach hundreds of meters. The folds are often cut into several sections (Figure 1c) . Most of the Late Permian coal-bearing strata are preserved in smooth synclines. The development of faults damaged the continuity and structural integrity of coal-bearing strata. From the Carboniferous to Permian periods, continuous regression with multiple small-scale transgressions occurred in the southwestern of Guizhou Province. During the Late Carboniferous, the relative sea level started to rise gradually and then reached the maximum flooding surface, which marked the maximum transgression, forming a barrier coast and carbonate platform sedimentary system. In the Early Permian, the crust was uplifted by the southward subduction of the Siberia plate and the relative sea level began to fall, forming a river and delta sedimentary system. The sedimentary environment changed from epicontinental sea to lagoon, swamp and delta due to the seawater retreat in the NE direction [26, 29] . In the Late Permian, the transitional Longtan Formation was deposited in an oxic depositional environment with a large amount of terrigenous input. The Kangdian Upland played an important role in organic matter accumulation [30] . The middle section of the Longtan Formation developed a thick organic-rich shale layer and was considered to have good exploration potential.
The sedimentary environment of the Late Permian varies greatly from lower delta plains, through lagoon-tidal flats, to carbonate subtidal flats in southwestern Guizhou (Figure 2a ) [31] . 
Samples and Experimental Methods
A total of 18 Longtan shale samples were collected from wells in the two study areas (Figure 2a ). Each sample was immediately stored in a clean plastic bag to ensure as little contamination and oxidation as possible, and then delivered to the laboratory for experiments. All samples were evaluated based on organic petrography analysis, X-ray diffraction test, methane adsorption test, mercury intrusion capillary pressure, nitrogen adsorption, carbon dioxide gas adsorption, and nuclear magnetic resonance test. The field emission scanning electron microscopy was used to observe pore geometry, and the fractal dimension was calculated to investigate the heterogeneity of the pore system.
Organic petrography analysis includes the vitrinite reflectance test, total organic carbon content test and kerogen type test. The vitrinite reflectance was determined by a Leitz MPV-SP photometer microscope (Stuttgart, Germay), following conventional methods according to the China National Standards (GB/T6948-1998). The temperature of the experiment was 22 • C and the humidity was 30%-32%. The total organic carbon content was determined by a Leco CS-200 carbon-sulfur analyzer (San Jose, MI, USA), following conventional methods according to the Chinese National Standards (GB/T19145-2003). Samples, each weighing about 1 g, were crushed to a powder at 100-200 mesh sizing and treated with 5% hydrochloric acid for 2 h to remove carbonates. The samples were then cleaned using distilled water. Afterwards, the samples were dried at 70 • C for 12 h before measuring TOC content. The temperature of the experiment was 27 • C. The kerogen type was determined by a FM-252 gas isotope mass spectrometer, following carbon and oxygen isotopic analysis of organic and carbonate rocks according to the Oil and Gas Industry Standards (SY/T5238-2008). Fragments of rock were leached in 5% hydrochloric acid for 12 h to remove carbonates, then washed several times with distilled water and treated with hydrofluoric acid for 12 h to remove silicates. The relative PDB value was used to divide the kerogen type.
The XRD mineral content analysis was performed using a D8 Discover X-ray diffractometer (Bruker, Karlsruhe, Germany), following the Oil and Gas Industry Standards (SY/T5463-2010). Shale samples were crushed to less than 300 mesh sizing and mixed with ethanol, grinded a mortar, and then smear-mounted on glass slides for XRD analysis. The X-ray diffractometer with a Cu X-ray tube was operated at 40 kV and 30 mA scanning from 2 • to 70 • at a step of 0.02 • and the data was semi-quantified by Jade ® 6.0 software (Jade Software, Christchurch, New Zealand). Methane adsorption was conducted using a high-pressure gas sorption-desorption instrument from a high pressure volume analyer (HPVA) Isotherm Measurement System, following the Chinese National Standards (GB/T19560-2008). The Langmuir volume was obtained by using the Langmuir models. Samples, weighing 100-150 g, were crushed to 60-80 mesh sizing. The experimental procedure is described in detail by Zhang et al. [32] .
An AutoPore IV9500 automatic mercury injection apparatus (Micromeritics Instrument Limited Company, Shanghai, China) was used to measure macropore structure (pore diameter of 50-10,000 nm). Following methods of Bustin et al. [33] , samples, weighing 1-2 g, with the diameter of 3-10 mm were oven dried at 110 • C for 24 h to remove free and adsorptive water. Samples were then placed under vacuum for injection. The maximum working pressure was 413 MPa, with mercury volume precision of 0.1 µL. The pore size measurement range was 0.003-1000 µm. The Washburn equation was used to obtain the specific surface area and the pore size distribution [34] .
A Quadrasorb SI surface area and porosity analyzer (Quantachrome Company, Boynton Beach, FL, USA) was used to measure mesopore structure (pore diameter of 2-50 nm). Following methods of Yang et al. [10] , samples, weighing 1-2 g, were crushed to about 60-80 mesh size and vacuum treated for 3 h at 300 • C to eliminate residual and capillary water. Nitrogen adsorption at different relative pressure was measured at 77.35 K, with high purity nitrogen as medium. The pore size measurement range was 0.35-400 nm and the relative pressure range of adsorption-desorption was 0.004 to 0.995. The Brunauer-Emmett-Teller (BET) model was applied to obtain the SSA, and the Barrette-Joynere-Halenda (BJH) model was used for PV and PSD [35] .
A NOVA4200e surface area and porosity distribution analyzer (Quantachrome Company, Boynton Beach, FL, USA) was used to measure micropore structure (pore diameter of 0-2 nm). Micropore structure can be characterized by measuring isothermal adsorption of CO 2 at 0 • C, for CO 2 can enter pores having a diameter less than 0.36 nm. Following methods of Liu and Wilcox [36] , samples, weighing 1-2 g, were crushed to about 100 mesh and then subjected to degassing under vacuum for 20 h at 110 • C. The pore size measurement range was 0.35-2 nm. The Dubinin-Astakhov (D-A), Dubinin-Radushkevich (D-R) and Density Function Theory (DFT) models were used for PV, SSA and PSD, respectively [37] .
NMR measurement was performed by a RecCore-04 NMR analyzer (Renheng Commercial and Trading Limited Company, Langfang, China), following the Oil and Gas Industry Standards (SY/T6490-2000), with the same experimental procedure as shown in previous research [13] . Samples were dried for 24 h in a dry box at 70 • C, vacuumed for 8 h and then saturated for 8 h in distilled water to complete the pretreatment. The NMR parameters were installed by echo spacing (T E ) of 0.6 ms, waiting time (T W ) of 5000 ms, maximum echo numbers (N E ) of 1024, and scanning numbers (SCAN) of 128. Porosity and permeability was measured by NMR test.
A Quanta 200F scanning electron microscope (FEI Company, Hillsborough, OR, USA) was used for imaging. Sample with 1 cm 3 piece was polished by a TechnoorgSC-100 argon-ion cross-section polisher (Nanjing Tansi Science and Technology Limited Company, Nanjing, China) to remove impurities, creating a pristine 2-D surface. After polishing, the thin sections were attached to sample table with conductive adhesive, and polishing surface was coated with a 10 nm gold film to enhance its conductivity [27] . The back-scattering electron mode was chosen to observe the different cross sections of each sample at a temperature of 24 • C and a humidity level of 35%.
The FHH model is widely used and has been shown to be the most effective method for describing the irregular geometric and structural properties of shale. The log-log terms equation to calculate the nitrogen adsorption fractal dimension using the FHH model is [12] : ln(V) = C + (D − 3) × ln(ln(P 0 /P)), where V (cm 3 /g) is the volume of adsorbed nitrogen at an equilibrium pressure P, P 0 (MPa) is the gas saturation pressure, C is a characteristic constant and D is the fractal dimension. The ln(V) and ln(ln(P 0 /P)) are linearly correlated in shales with fractal characteristics. With this equation, we can obtain the slope of ln(V) vs. ln(ln(P 0 /P)) by regression analysis to calculate the nitrogen adsorption fractal dimension D.
Results

Organic Geochemical Characteristic
Total Organic Matter Content
Both YV-1 and XD-1 shale samples possess high TOC contents ( Table 2 ), indicating that shales investigated are rich in organic matter. The TOC content of YV-1 is between 2.36% and 6.40%, with an average value of 4.82%, and the TOC content of XD-1 is between 0.89% and 6.85%, with an average value of 4.38%. The TOC content of YV-1 is relatively higher than that of XD-1, which may be related to the enrichment of coals in Panxian County. Shales that inbedded with coal seams can show extremely high TOC values [37] [38] [39] [40] . Higher TOC implies higher gas generation potential and better adsorption capacity. The lower limit of TOC for commercial exploitation of shale gas is generally 2.0% [41] . However, approximately 88.8% of the TOC values in the study area exceed 2%, and the accumulative shale thickness with TOC > 2% is greater than 60 m, indicating that most samples could have good shale gas resource potential. 
Thermal Maturity
The vitrinite reflectance (% R o ) value is used to evaluate the maturation level. Geochemical test results in Table 2 demonstrate that the YV-1 samples have low R o values, varying from 0.86% ± 0.070% to 1.17% ± 0.068%. The XD-1 samples are higher than the YV-1 shales in R o values, varying from 2.50% ± 0.149% to 2.93% ± 0.193%. It suggests that the YV-1 samples are low matured and thermal maturity has been in the oil window, while the XD-1 samples are over matured and thermal maturity has been in the dry-gas window.
Organic Matter Type
Different organic matter (OM) types, which can affect the hydrocarbon generation type [42] , are derived from different primary production. The compositional characteristics of kerogen can reveal the changes in the depositional environment during sedimentation [43] . All samples in this study had stable carbon isotope ( 13 δC PDB ) values from −24.9‰ to −23.2‰ (Table 2) , indicating the organic matter is gas-prone type III kerogen dominated by vitrinite group macerals and to a lesser extent inertinite group macerals ( Figure 3 ). The result is consistent with the characteristic of depositional environment of the transitional Longtan Shale. The accumulation of OM mainly relies on a large amount of terrigenous input from the Kangdian Upland. 
Mineralogical Composition
The mineral composition primarily reflects the depositional environments and diagenetic evolution of the shales during their sedimentation and maturation [10] . The mineral compositions include clay minerals, brittle minerals (including quartz, plagioclase and pyrite) and carbonate minerals (including calcite, dolomite and siderite). The result, presented in Table 3 , shows that the mineral composition of shales in the two study areas is significantly different. The YV-1 samples are dominated by clay minerals (71.33% average), followed by brittle minerals (27.50% average). The proportion of clay minerals, brittle minerals and carbonate minerals in XD-1 is similar (on average 37%, 30.25% and 32.75%, respectively). The ternary diagram ( Figure 4) shows that, compared with XD-1, the YV-1 is rich in clay minerals but poor in carbonate minerals. These differences may be related to the depositional environments and further affect the pore characteristics and adsorption capacity of shale [44, 45] . Shales deposited in the deep-water marine shelf are usually characterized by a high content of siliceous minerals and low contents of clay minerals. Previous studies have shown that clays, with larger surface area, have a positive relationship with gas sorption capacity [46] . However, unlike brittle mineral-rich shale, clay mineral-rich shale is not conducive to the formation of fractures. Thus, the extremely high clay content may be a problem for shale gas development in Panxian County. 
The mineral composition primarily reflects the depositional environments and diagenetic evolution of the shales during their sedimentation and maturation [10] . The mineral compositions include clay minerals, brittle minerals (including quartz, plagioclase and pyrite) and carbonate minerals (including calcite, dolomite and siderite). The result, presented in Table 3 , shows that the mineral composition of shales in the two study areas is significantly different. The YV-1 samples are dominated by clay minerals (71.33% average), followed by brittle minerals (27.50% average). The proportion of clay minerals, brittle minerals and carbonate minerals in XD-1 is similar (on average 37%, 30.25% and 32.75%, respectively). The ternary diagram ( Figure 4) shows that, compared with XD-1, the YV-1 is rich in clay minerals but poor in carbonate minerals. These differences may be related to the depositional environments and further affect the pore characteristics and adsorption capacity of shale [44, 45] . Shales deposited in the deep-water marine shelf are usually characterized by a high content of siliceous minerals and low contents of clay minerals. Previous studies have shown that clays, with larger surface area, have a positive relationship with gas sorption capacity [46] . However, unlike brittle mineral-rich shale, clay mineral-rich shale is not conducive to the formation of fractures. Thus, the extremely high clay content may be a problem for shale gas development in Panxian County. Analyses ( Figure 5 ) show that the predominant clay mineral of YV-1 samples is the mixed-layer of illite and smectite (I/S), followed by chlorite and kaolinite (on average 41.67%, 29.33% and 26%, respectively). In XD-1, the clays are mainly represented by I/S (61.33% average) and illite (28.83% average), with a very small proportion of chlorite and kaolinite. Guo et al. [47] indicated that the assemblage pattern of clays can reflect the diagenetic level of the source rock to some extent. The variation mainly presents the transformation process of the clay minerals from kaolinite to illite and I/S during continuous compaction in the middle diagenetic stage. The XD-1 shales, with a larger amount of I/S, are in a higher diagenesis level than the YV-1 shales, which is consistent with the maturity test result. Analyses ( Figure 5 ) show that the predominant clay mineral of YV-1 samples is the mixed-layer of illite and smectite (I/S), followed by chlorite and kaolinite (on average 41.67%, 29.33% and 26%, respectively). In XD-1, the clays are mainly represented by I/S (61.33% average) and illite (28.83% average), with a very small proportion of chlorite and kaolinite. Guo et al. [47] indicated that the assemblage pattern of clays can reflect the diagenetic level of the source rock to some extent. The variation mainly presents the transformation process of the clay minerals from kaolinite to illite and I/S during continuous compaction in the middle diagenetic stage. The XD-1 shales, with a larger amount of I/S, are in a higher diagenesis level than the YV-1 shales, which is consistent with the maturity test result. The relationships between TOC content and clay mineral content of YV-1 and XD-1 are illustrated in Figure 6a , suggesting that there is a positive correlation between TOC and clays (R 2 = 0.682 and 0.587, respectively). Most organic matter in argillaceous source rocks is distributed in clay minerals as dispersed or locally enriched. However, transitional shales in this study have complex lithological changes and mineral composition, and organic matter is also filled in pores of other minerals, which leads to the moderate correlations between TOC and clay minerals. As shown in Figure 6b , samples of YV-1 show a significant negative correlation between TOC content and quartz content (R 2 = 0.949), while samples of XD-1 show no obvious correlation between TOC and quartz. The conclusion is different with some previous studies, which suggested a positive relationship between TOC and quartz content [27] . However, these differences may be related to the depositional environments. Quartz was thought to be positively correlated with TOC if the shale was biogenic in origin and negatively correlated with TOC if the origin was detrital [19] . The Longtan Formation Shale was mainly deposited in a delta and lagoon-tidal flat system, and the Kangdian Upland is the dominant sediment source region. The SEM image in Figure 13h also shows a smooth quartz surface with no pores. Thus, the most of quartz in this study did not have a biogenic origin. The relationships between TOC content and clay mineral content of YV-1 and XD-1 are illustrated in Figure 6a , suggesting that there is a positive correlation between TOC and clays (R 2 = 0.682 and 0.587, respectively). Most organic matter in argillaceous source rocks is distributed in clay minerals as dispersed or locally enriched. However, transitional shales in this study have complex lithological changes and mineral composition, and organic matter is also filled in pores of other minerals, which leads to the moderate correlations between TOC and clay minerals. As shown in Figure 6b , samples of YV-1 show a significant negative correlation between TOC content and quartz content (R 2 = 0.949), while samples of XD-1 show no obvious correlation between TOC and quartz. The conclusion is different with some previous studies, which suggested a positive relationship between TOC and quartz content [27] . However, these differences may be related to the depositional environments. Quartz was thought to be positively correlated with TOC if the shale was biogenic in origin and negatively correlated with TOC if the origin was detrital [19] . The Longtan Formation Shale was mainly deposited in a delta and lagoon-tidal flat system, and the Kangdian Upland is the dominant sediment source region. The SEM image in Figure 13h also shows a smooth quartz surface with no pores. Thus, the most of quartz in this study did not have a biogenic origin. 
Porosity, Permeability, and Methane Adsorption Results
Porosity and permeability are important parameters to reflect the storage capacity. The porosity of the YV-1 ranges from 0.91% to 2.44% with an average value of 1.69%, and the permeability ranges from 0.20 × 10 −5 mD to 1.25 × 10 −5 mD with an average value of 0.49 × 10 −5 mD. The porosity of the XD-1 varies between 0.87% and 3.42% with an average value of 1.82%, and the permeability varies between 0.003 × 10 −5 mD to 1.917 × 10 −5 mD with an average value of 0.28 × 10 −5 mD (Table 4 ). The permeability of YV-1 samples is significantly lower than that of XD-1. Nie et al. [48] suggested that lower limits of porosity and permeability for shale gas reservoir is 1% and 0.001 mD, respectively. The results showed that the permeability of shale in this study is quite low. The amount of adsorbed methane gas may be affected by adsorption capacity and pore structure characteristic, which could have a significant impact on shale gas exploration. As shown in Table 4 , the Langmuir volume (VL) of the YV-1 samples ranges from 2.02 m 3 /t to 3.78 m 3 /t, with an average 
Porosity and permeability are important parameters to reflect the storage capacity. The porosity of the YV-1 ranges from 0.91% to 2.44% with an average value of 1.69%, and the permeability ranges from 0.20 × 10 −5 mD to 1.25 × 10 −5 mD with an average value of 0.49 × 10 −5 mD. The porosity of the XD-1 varies between 0.87% and 3.42% with an average value of 1.82%, and the permeability varies between 0.003 × 10 −5 mD to 1.917 × 10 −5 mD with an average value of 0.28 × 10 −5 mD (Table 4) . The permeability of YV-1 samples is significantly lower than that of XD-1. Nie et al. [48] suggested that lower limits of porosity and permeability for shale gas reservoir is 1% and 0.001 mD, respectively. The results showed that the permeability of shale in this study is quite low. The amount of adsorbed methane gas may be affected by adsorption capacity and pore structure characteristic, which could have a significant impact on shale gas exploration. As shown in Table 4 The heterogeneity throughout the shale makes the pore characteristics differ remarkably from sample to sample. The typical isotherms for the low-pressure N 2 adsorption-desorption analysis of the two different sedimentary facies shales are illustrated in Figure 7 . The adsorption isotherms of samples are slightly different in shape, but all in the form of anti "S" type. According to the International Union of Pure and Applied Chemistry (IUPAC) classification [2] , most of them belong to type IV curves [49, 50] , while some of the samples in XD-1 are characterized by the both features of the type IV and type I. The isotherm curves of the YV-1 show a maximum adsorbed volume at intermediate relative pressure interval (0.2 < P/P 0 < 0.95), but extremely low adsorbed volume at high relative pressure interval (P/P 0 > 0.95), indicating the large existence of the small pores and no significant amount of large pores. The isotherm curves of the XD-1 show relatively low adsorbed volume from low to intermediate relative pressure interval (P/P 0 < 0.2 and 0.2 < P/P 0 < 0.95), but a maximum adsorbed volume at high relative pressure interval (P/P 0 > 0.95), suggesting that samples lack small pores but have a large amount of large pores.
Pore Structure Qualitative and Quantitative Characterization between Shales with Different Sedimentary Microfacies
Pore Structure Qualitative Characterization through N2 Adsorption-Desorption Isotherms
The heterogeneity throughout the shale makes the pore characteristics differ remarkably from sample to sample. The typical isotherms for the low-pressure N2 adsorption-desorption analysis of the two different sedimentary facies shales are illustrated in Figure 7 . The adsorption isotherms of samples are slightly different in shape, but all in the form of anti "S" type. According to the International Union of Pure and Applied Chemistry (IUPAC) classification [2] , most of them belong to type IV curves [49, 50] , while some of the samples in XD-1 are characterized by the both features of the type IV and type I. The isotherm curves of the YV-1 show a maximum adsorbed volume at intermediate relative pressure interval (0.2 < P/P0 < 0.95), but extremely low adsorbed volume at high relative pressure interval (P/P0 > 0.95), indicating the large existence of the small pores and no significant amount of large pores. The isotherm curves of the XD-1 show relatively low adsorbed volume from low to intermediate relative pressure interval (P/P0 < 0.2 and 0.2 < P/P0 < 0.95), but a maximum adsorbed volume at high relative pressure interval (P/P0 > 0.95), suggesting that samples lack small pores but have a large amount of large pores. The adsorption branch of isotherms is inconsistent with the desorption branch at higher relative pressures (P/P 0 > 0.5), resulting in a hysteresis loop. Using the type of the hysteresis loops to predict pore shape [51] , samples of XD-1 can be divided into type H 2 hysteresis, which indicates ink bottle-shaped pores. Samples of YV-1 can be mainly classified as H 3 type hysteresis, which indicates slit-shaped pores and wedge-shaped pores. The shape of hysteresis loops of some samples is somewhere between type H 3 and H 2 , which may be related to a combination of different pore types. The previous studies [52, 53] suggested that ink bottle-shaped pores (type H 2 ) can be considered as the OM-hosted pores, while wedge-shaped pores (type H 3 ) can be considered as the clay mineral-hosted pores.
Pore Structure Qualitative Characterization through Nuclear Magnetic Resonance T 2 spectrum
The nuclear magnetic resonance (NMR) T 2 spectrum in this study can be divided into unimodal spectrum and bimodal spectrum (Figure 8 ). The unimodal spectra are frequently found in samples of XD-1 with a relatively short relaxation time (T 2 = 2 ms), indicating that small pores occupy a large proportion of the signal and are well developed. The bimodal spectra are frequently found in samples of YV-1, suggesting that besides small pores, large pores are also developed. Take sample Y-6 as an example, we observed two peaks before centrifuge processing, and the first peak was much higher than the second one. The discontinuity of bimodal spectrum indicates that samples have poor connectivity between small pores and large pores, and the pores in samples are relatively closed. After centrifuge processing, the first peak attenuated and the second peak vanished. The reduction and disappearance were due to the connectivity between pores, which was a result of the different permeability [27] .
The adsorption branch of isotherms is inconsistent with the desorption branch at higher relative pressures (P/P0 > 0.5), resulting in a hysteresis loop. Using the type of the hysteresis loops to predict pore shape [51] , samples of XD-1 can be divided into type H2 hysteresis, which indicates ink bottleshaped pores. Samples of YV-1 can be mainly classified as H3 type hysteresis, which indicates slitshaped pores and wedge-shaped pores. The shape of hysteresis loops of some samples is somewhere between type H3 and H2, which may be related to a combination of different pore types. The previous studies [52, 53] suggested that ink bottle-shaped pores (type H2) can be considered as the OM-hosted pores, while wedge-shaped pores (type H3) can be considered as the clay mineral-hosted pores.
Pore Structure Qualitative Characterization through Nuclear Magnetic Resonance T2 spectrum
The nuclear magnetic resonance (NMR) T2 spectrum in this study can be divided into unimodal spectrum and bimodal spectrum (Figure 8 ). The unimodal spectra are frequently found in samples of XD-1 with a relatively short relaxation time (T2 = 2 ms), indicating that small pores occupy a large proportion of the signal and are well developed. The bimodal spectra are frequently found in samples of YV-1, suggesting that besides small pores, large pores are also developed. Take sample Y-6 as an example, we observed two peaks before centrifuge processing, and the first peak was much higher than the second one. The discontinuity of bimodal spectrum indicates that samples have poor connectivity between small pores and large pores, and the pores in samples are relatively closed. After centrifuge processing, the first peak attenuated and the second peak vanished. The reduction and disappearance were due to the connectivity between pores, which was a result of the different permeability [27] . 
Pore Structure Qualitative Characterization through Fractal Dimension
The fractal dimension (D) can reflect the pore surface roughness and the pore structure complexity. According to N2 adsorption-desorption data and fractal FHH model, the fractal dimension of shale samples can be calculated by the slope of ln(V) vs. ln(ln(p/p0)). As shown in Figure 9 , the ln(V) vs. ln(ln(p/p0)) is linearly correlated, with good fitting correlation coefficients. The results in Table 5 show that different samples have different fractal characteristics. The fractal dimension of YV-1 is in the range of 2.652-2.862, with an average value of 2.756, while the fractal dimension of XD-1 is in the range of 2.702-2.867, with an average value of 2.787. The fractal dimension of XD-1 is slightly higher than that of YV-1, indicating a more rough pore surface and a more complicated pore structure. 
The fractal dimension (D) can reflect the pore surface roughness and the pore structure complexity. According to N 2 adsorption-desorption data and fractal FHH model, the fractal dimension of shale samples can be calculated by the slope of ln(V) vs. ln(ln(p/p 0 )). As shown in Figure 9 , the ln(V) vs. ln(ln(p/p 0 )) is linearly correlated, with good fitting correlation coefficients. The results in Table 5 show that different samples have different fractal characteristics. The fractal dimension of YV-1 is in the range of 2.652-2.862, with an average value of 2.756, while the fractal dimension of XD-1 is in the range of 2.702-2.867, with an average value of 2.787. The fractal dimension of XD-1 is slightly higher than that of YV-1, indicating a more rough pore surface and a more complicated pore structure. 
Pore Structure Quantitative Characterization through Mercury Intrusion Capillary Pressure (MICP) and Gas Adsorption
Pores has been divided into micropore (pore diameter < 2.0 nm), mesopore (pore diameter of 2.0-50 nm) and macropore (pore diameter > 50 nm) by IUPAC. Micropore structure was quantified by CO2 adsorption, and the PV, SSA and PSD were obtained by the D-A, D-R and DFT models, respectively. Mesopore structure was quantified by N2 adsorption, and the PV, SSV and PSD were 
Pores has been divided into micropore (pore diameter < 2.0 nm), mesopore (pore diameter of 2.0-50 nm) and macropore (pore diameter > 50 nm) by IUPAC. Micropore structure was quantified by CO 2 adsorption, and the PV, SSA and PSD were obtained by the D-A, D-R and DFT models, respectively. Mesopore structure was quantified by N 2 adsorption, and the PV, SSV and PSD were obtained by the BJH, BET and BJH models, respectively. Macropore structure was quantified by MICP, and the PV, SSA and PSD were obtained by cumulative mercury volume, the Young-Dupré equation, and the Washburn equation, respectively [34, 35, 37, 54] . The superimposed parts were handled using mathematical and statistical methods, and the average diameter of shale pore was calculated based on the following equation [55] : (4V p /A s ) × 2, where V p = total pore volume of the shale, and A s = total specific surface area of the shale.
The PV, SSA and average pore diameter of YV-1 and XD-1 shale samples are shown in Table 6 . The PV of YV-1 varies from 0.01948 cm 3 /g to 0.03556 cm 3 /g, with a mean value of 0.02881 cm 3 /g. The SSA varies from 15.161 m 2 /g to 26.315 m 2 /g, with a mean value of 20.806 m 2 /g. The average pore diameter ranges from 9.99 nm to 11.95 nm, with a mean value of 11.07 nm. While, the PV of XD-1 varies from 0.01021 cm 3 /g to 0.03043 cm 3 /g, with a mean value of 0.02110 cm 3 /g. The SSA varies from 10.668 m 2 /g to 28.021 m 2 /g, with a mean value of 20.101 m 2 /g. The average pore diameter ranges from 6.39 nm to 13.42 nm, with a mean value of 8.40 nm. Samples of YV-1 possess larger PV, SSA and average pore diameter than XD-1 (Figure 10a,b) . The relationships between PV and SSA of shale samples indicate a significant positive correlation (R 2 = 0.851 and 0.653 in Figure 11 ). There is no obvious correlation between average pore diameter and PV, SSA. The result different from previous studies [14, 56] which suggest that PV and SSA decreased with the increase of pore diameter.
Detailed features of micropore, mesopore and macropore suggest that the pore composition of YV-1 and XD-1 have significant differences. The average micro-, meso-, and macro-PV values of YV-1 are 0.00271 cm 3 /g, 0.02077 cm 3 /g and 0.0053 cm 3 /g, accounting for 9.41%, 72.19% and 18.40% of the total pore volume, respectively. While the average micro-, meso-, and macro-PV values of XD-1 are 0.00320 cm 3 /g, 0.01136 cm 3 /g and 0.0065 cm 3 /g, accounting for 15.35%, 53.84% and 30.81% of the total pore volume, respectively (Table 6 and Figure 10c ). Mesopore volume of the YV-1 samples is significantly larger than that of the XD-1, causing it to have a larger total pore volume than XD-1. However, micropore volume and macropore volume of YV-1 samples are slightly smaller than that of XD-1. In the YV-1 samples, mesopore occupies an absolute advantage and is the predominant contributor to PV. While, in the XD-1 samples, macropore and micropore also occupy a certain proportion in addition to mesopore (Figure 10c) . The development of mesopores may originate from intraparticle pores and interparticle pores in clay minerals, and the development of micropores may be related to organic matter pores produced during hydrocarbon generation. However, considering the difference between sampling depth, lithostratigraphic pressure also has certain effects on pore composition. In XD-1, interpariticle pores occurred between clay particles are more easily deformed or closed by compaction (Figure 13g) , thus reducing the proportion of mesopore.
The average micro-, meso-, and macro-SSA values of YV-1 are 8.9595 m 2 /g, 11.8084 m 2 /g and 0.0383 m 2 /g, accounting for 41.41%, 56.75% and 1.84% of the total specific surface area, respectively, while the average micro-, meso-, and macro-SSA values of XD-1 are 10.1204 m 2 /g, 9.9588 m 2 /g and 0.0209 m 2 /g, accounting for 50.35%, 48.61% and 1.04% of the total specific surface area, respectively (Table 6 and Figure 10d ). Similar to the pore volume distribution, samples of XD-1 have larger micropore specific surface area, while samples of YV-1 have larger mesopore specific surface area because of the extremely high clay content. Micropore and mesopore are the main contributors to SSA, while the contribution of macropore is negligible (Figure 10d ). Table 6 . Micropore, mesopore, and macropore structure parameters of transitional Longtan Shale samples from YV-1 and XD-1 determined by gas adsorption and MICP techniques. The distribution of pore volume with pore size can be used to represent pore size distribution, including cumulative, incremental, differential pore volume distribution curves [9] . In this study, we used incremental pore volume distribution curves to investigate the characteristic of the PSD. The peak in the PSD curve represents the development of the corresponding pore size. The distribution of pore volume with pore size can be used to represent pore size distribution, including cumulative, incremental, differential pore volume distribution curves [9] . In this study, we used incremental pore volume distribution curves to investigate the characteristic of the PSD. The peak in the PSD curve represents the development of the corresponding pore size. The distribution of pore volume with pore size can be used to represent pore size distribution, including cumulative, incremental, differential pore volume distribution curves [9] . In this study, we used incremental pore volume distribution curves to investigate the characteristic of the PSD. The peak in the PSD curve represents the development of the corresponding pore size.
It can be observed in Figure 12 that the PSD curve of shale samples is unimodal or multimodal. All samples of YV-1 exhibit the multimodality. The major peak is concentrated around 2-4 nm and the peak value can reach 0.004 cm 3 /g. Other peaks are presented around 30-50 nm and the peak value can reach 0.005 cm 3 /g (Figure 12a ). The result showed that samples are developed fine mesopores. Samples of XD-1 are observed to be a unimodal or bimodal pattern, with the major peak is close to micropore size in the range of 0.4-1.0 nm and the secondary peak at meso-to macro-pore size range of 20-50 nm. Compared with YV-1, the main peak of XD-1 is relatively low, with the value around 0.002 cm 3 /g and 0.004 cm 3 /g (Figure 12b ). Another great difference between samples of YV-1 and XD-1 is the different relative concentrating degree of the pores at the two peaks. Variations in relative concentrating degree may result in changes in average pore size, because one large pore can have a volume equal to many small pores [18] . Samples of YV-1 samples are relatively more enriched in large mesopores, causing it to have a larger average pore size than XD-1. 
Pore Morphology between Shales with Different Sedimentary Microfacies
Based on the genesis and the position within the reservoir space, pores are mainly divided into OM pores, inorganic pores (including intraparticle pores and interparticle pores), and microfractures [1]. The SEM observation and images in Figure 13 show that intraparticle pores, interparticle pores, and microfractures are well developed in the Longtan Formation Shale samples, while significant differences in OM pores between samples of YV-1 and XD-1 are observed. The SEM observation and images in Figure 13 show that intraparticle pores, interparticle pores, and microfractures are well developed in the Longtan Formation Shale samples, while significant differences in OM pores between samples of YV-1 and XD-1 are observed. OM pores result from the hydrocarbon generation with the increasing thermal maturity [57] . As shown in Figure 13a , OM pores are sporadically distributed with little contact in YV-1 samples. The rarity of OM pores can be attributed to the low maturity of OM and the type-III kerogen, which tends to generate gaseous hydrocarbons and produce only a very small amount of liquid hydrocarbons. Hence, OM pores may present limited contributions to the storage and transport of shale gas in Panxian County. OM pores were frequently observed in XD-1 samples, and some of them can be interconnected, forming an effective pore network, enhancing the heterogeneity of pore structure, and providing more reservoir space (Figure 13b ). The pore geometry is mostly angular or elliptical and the pore size is in the range of 10-30 nm based on the analysis of SEM images (Figure 13c ). This suggests that the OM pores in this study are mainly micropores and mesopores.
Intraparticle pores can be divided into dissolution pores, intraparticle pores within clay particles, and intergranular pores within pyrite framboids [45] . Dissolution pores are formed by the partial dissolution of particles, which is related to burial depth, pressure, temperature and acidic liquids. Dissolution pores in feldspar particles have irregular shapes and large size (Figure 13d ). For the deformation of particles during compaction, intraparticle pores in illite are relatively small (Figure 13e ). Intergranular pores within pyrite framboids are angular in shape and commonly found in this study (Figure 13f) . Some of the pores in the pyrite framboids were filled with OM or clay minerals.
Interparticle pores are abundant in the shale samples and connect well with each other. Hence, it is an important part of the pore system, which may contribute to porosity, PV, SSA and connectivity [17, 58] . Interpariticle pores occurred between clay particles are disordered lamellar, slit-shaped or wedge-shaped, and easily deformed and closed by compaction (Figure 13g ). Brittle minerals, such as quartz and feldspar, can resist compaction, thereby producing some residual interparticle pores around them [18] . Most of the interparticle pores have irregular shapes and large size.
Microfractures are abundant in the shale samples, with a length of several to tens of microns and a width of several microns. Microfractures can develop in OM, clay minerals and the edge of the OM and mineral (Figure 13i ). Some fractures in the clay are oriented in a certain direction by compaction. Shrinkage crack is a special kind of crack originates from the expulsion of volatile matter and the contraction of solid OM during hydrocarbon generation (Figure 13j ).
Discussion
Contributions of Total Organic Carbon (TOC) and Mineralogical Composition to Pore Structure of Shale
The relationships between TOC content and pore structure parameters are shown in Figure 14 . The positive relationships are observed between TOC content and PV (R 2 = 0.826 and 0.544 in Figure 14a ), SSA (R 2 = 0.667 and 0.589 in Figure 14b ), as proposed by many studies [14, 56] . Both YV-1 and XD-1 have high TOC content, thus the difference may be related to their maturity. Not all OM can produce OM pores. Samples of YV-1 are in the low maturation stage, and OM pores have not yet been massively produced, which leads to a relatively low correlation. There is a significant positive relationship between TOC content and micropore volume, specific surface area (R 2 = 0.669 in Figure 14c and R 2 = 0.684 in Figure 14d ) of XD-1 samples. However, we note that there is a significant positive relationship between TOC content and mesopore volume, specific surface area of YV-1 samples (R 2 = 0.668 in Figure 14e and R 2 = 0.624 in Figure 14f ), rather than micropore volume and specific surface area. This difference is mainly caused by OM pores in organic matters. Bubble-shaped OM pores were frequently observed in XD-1 samples because of the formation of gaseous hydrocarbon (Figure 13c) . While, irregular-shaped OM pores with the pore size in the range of 10-30 nm, which greatly contribute to mesopore volumes, were sporadically distributed in YV-1 samples based on the analysis of SEM images (Figure 13a) .
The relationships between mineral composition and pore structure parameters are shown in Figure 15 . The positive correlations are observed between clay minerals content and PV (R 2 = 0.930 and 0.478 in Figure 15a ), SSA (R 2 = 0.903 and 0.622 in Figure 15b ). Samples of YV-1 show a higher correlation because of the extremely high clay minerals content. There is a significant positive relationship between clay minerals content and mesopore volume, specific surface area (R 2 = 0.951 in Figure 15e and R 2 = 0.978 in Figure 15f ) of YV-1 samples, and a positive relationship between clay minerals content and micropore volume, specific surface area of XD-1 samples (R 2 = 0.646 in Figure 15c and R 2 = 0.697 in Figure 15d ). Compared with quartz and other clay minerals, the I/S has much larger specific surface area and the enrichment of the I/S can largely increase the specific surface area of shale. The large number of intraparticle pores, interparticle pores and microfractures in clay minerals (Figure 13e,h) can directly contribute to mesopore volumes, while the small holes separated by the needle-shaped minerals provide a favorable space for the development of micropores [51] .
Because of brittleness, quartz content may be related to the development of microfractures [18] . However, the correlation between quartz content and pore structure in this study is not obvious. As mentioned earlier, the quartz in marine-continental transitional shale is mainly terrigenous, which contributes little to gas adsorption and has little influence on the pore structure. The SEM images also illustrate that the quartz has a smooth surface and fewer pores (Figure 13h ), which could even weaken the heterogeneity of the pore structure. Figure 16a ) and clay mineral content (R 2 = 0.887 and 0.360 in Figure 16b ). It suggests that TOC and clays have a significant influence on the surface roughness and the structure complexity of pore system. The irregular surface of kerogen and clay minerals enhances the heterogeneity of shale reservoir and provides more adsorption space. In addition, pore types and geometric shapes also influence fractal dimension. For example, H 2 type samples with ink bottle-shaped pores in this study have higher fractal dimensions than H 3 type samples with slit-shaped pores (Table 5 and Figure 7 ). As observed in SEM images, OM-hosted pores may interconnect with each other and form a complicated system during hydrocarbon generation (Figure 13b) , and mineral-hosted pores may be deformed or compounded due to compaction (Figure 13g) . Their properties and shapes may transform from regularity to complex and thus result in the increase of fractal dimension.
The extreme value of XD-1 in Figure 16b may originate from changes in composition or structure of clay, which leads to a relatively low correlation. As previous studies proposed [59, 60] , there is a negative correlation between fractal dimension and quartz content in YV-1 samples (R 2 = 0.465 in Figure 16b ) and no correlation in XD-1.
The fractal dimension (D) is positively correlated with mesopore volume and specific surface area of YV-1 (R 2 = 0.916 in Figure 16e and 0.807 in Figure 16f ) and micropore volume and specific surface area of XD-1 (R 2 = 0.556 in Figure 16c and 0.620 in Figure 16d ). The relationships are mainly influenced by TOC content, clay content and PSD. As mentioned earlier, the PV and SSA have negative correlations with average pore diameters. Shale samples with smaller average pore diameter generally has small pores and throats, leading to a more complicated pore structure, irregular surfaces and higher fractal dimension values. However, fractal dimensions can reflect the degree of micro-and meso-pore development in such shales. Previous studies have shown that the gas adsorption capacity of shale is mainly related to TOC content, kerogen type, mineralogy and pore structure [15, 61] . The relationships between TOC content, clay minerals content, PV, SSA and methane adsorption capacity are illustrated in Figure 17 . The Langmuir volume (V L ) is positively correlated with TOC content (R 2 = 0.329 and 0.946 in Figure 17a ) and clay minerals content (R 2 = 0.682 and 0.631 in Figure 17b ). Kerogen is not only the material basis of hydrocarbon production, but also an important space for gas adsorption and accumulation. Previous studies [62, 63] indicated that higher TOC often implies larger adsorbed gas content. Both YV-1 and XD-1 have high TOC content, thus the difference in adsorption capacity may be related to their maturity. Samples of YV-1 are in low maturation stage, and gaseous hydrocarbon has not yet been massively generated, which leads to a relatively low correlation. The rough and irregular surface of clay minerals provides abundant adsorption space. The gas adsorption capacity of various clay minerals presents the following order: I/S > kaolinite > chlorite > illite [27, 64] . Samples of YV-1 have an extremely high clay minerals content with much more specific surface area, while the I/S of XD-1 samples occupies a dominant position in clay content, making a significant contribution to the rough surface and enhancing gas adsorption capacity. The Langmuir volume is positively correlated with mesopore volume and specific surface area of YV-1 (R 2 = 0.666 in Figure 17e and R 2 = 0.418 in Figure 17f ), and micropore volume and specific surface area of XD-1 (R 2 = 0.752 in Figure 17c and R 2 = 0.784 in Figure 17d ). However, some previous research suggested that micropore is the important control on gas adsorption, while mesopore and macropore are do not appear to affect the gas adsorption and instead to be the gas transport pathways [56] . Sun et al. [53] suggested that mesopore volume can also contribute to gas adsorption. The reasons for these phenomena are different. In this study, in addition to the effect of TOC and clays on PV and SSA, the result could be related to the pore composition. In YV-1 samples, mesopore occupies an absolute advantage and contributes to gas adsorption capacity, while, in XD-1 samples, besides mesopores, micropores also occupy a certain proportion, which can affect the gas adsorption capacity (Figure 10c) . Moreover, the PV and SSA have negative correlations with average pore diameters. The smaller pore diameter leads to a greater adsorption interaction between gas molecules and pore surface [49] and results in a stronger adsorption potential energy, which enhances the adsorption capacity of a shale gas reservoir.
Comparison of TOC Content, Mineralogical Composition and Pore Structure Parameters between Shales with Different Sedimentary Microfacies
The YV-1 well is located in a coal-bearing basin in Panxian County and presents a transitional facies dominated by delta and lower delta plains environments. The XD-1 well is located in a smooth syncline in Xingren County and presents a transitional facies dominated by lagoon-tidal flat environments (Figures 1 and 2 ). In XD-1, the whole suite of coal-bearing sequences is dominated by fine-grained sediments, which mainly consists of silty mudstone, carbonaceous shale, siliceous shale and coal seam. While, in YV-1, the turbulent depositional environment caused dark mudstones frequently interbedded with silty mudstone, carbonaceous mudstone and coal seam, showing a more complex lithological assemblage in the vertical direction. As shown in Table 7 , both the thickness of Longtan Formation and the thickness of organic-rich shale of XD-1 are larger than those of YV-1.
Samples of YV-1 and XD-1 have similar TOC content (on average 4.82% and 4.38%, respectively). The high TOC content may be related to the presence of coal-bearing sequences in the study areas. As mentioned previously, YV-1 samples are low matured and thermal maturity has been in the oil window, while XD-1 samples are over matured and thermal maturity has been in the dry-gas window. As shown in Table 7 , mineralogical composition is significantly different in two wells. Samples of YV-1 have an extreme high content of clay mineral (71.33% average) and clay mineral is mainly consist of the I/S, chlorite and kaolinite (on average 41.67%, 29.33% and 26%, respectively), while samples of XD-1 have a relatively low clay mineral content (37% average) and the I/S occupies an absolute advantage (61.33% average), leaving the content of kaolinite and chlorite is less than 10%. The average PV, SSA and average pore diameter values of YV-1 are larger than those of XD-1 (Table 7) , and mesopore occupies an absolute advantage, which contributes to a greater gas adsorption and storage potential. The fractal dimension value of XD-1is slightly larger than that of YV-1 (on average 2.787 and 2.756, respectively), indicating a more rough surface and a more complicated structure of shale reservoir. OM pores are more developed in XD-1 and the pore type can be divided into type H 2 hysteresis, which indicates ink bottle-shaped pores. Samples of YV-1 can be mainly classified as typeH 3 hysteresis, which indicates slit-shaped pores and wedge-shaped pores. Compared with XD-1, the relationship between fractal dimension, methane adsorption capacity and pore structure parameters for mesopore is more obvious than for micropore in YV-1, which is mainly related to the effect of TOC content, mineral composition and pore size distribution.
However, differences in TOC content, mineral composition and pore structure mentioned above may be related to depositional environment and material sources. Nevertheless, porosity characteristic of studied shales could also be effected by burial depth and regional tectonic movements. Therefore, this possible impact should be studied in future. 
Conclusions
In this paper, organic geochemical characteristic, mineralogical composition, pore structure and fractal characteristic of the marine-continental transitional facies Longtan Formation Shale in the southwest of Guizhou Province were investigated using organic petrography analysis, XRD analysis, FE-SEM analysis, the NMR test, MICP and gas adsorption experiments. Relationships among TOC contents, mineral compositions, pore structure parameters, methane adsorption capacity and fractal dimensions were discussed, along with the differences between different sedimentary microfacies. Our main conclusions are summarized as follows:
1.
Shales in this study were collected from the YV-1 well in Panxian County and the XD-1 well in Xingren County. They present the transitional environment dominated by delta and lower delta plains, and the transitional environment dominated by lagoon-tidal flat, respectively. In YV-1, the turbulent depositional environment caused dark mudstones frequently interbedded with other fine-grained sediments, showing a more complex lithological assemblage in the vertical direction.
2.
Shale samples of YV-1 and XD-1 are characterized by high TOC contents (on average 4.82% and 4.38%), low permeability (on average 0.49 × 10 −5 mD and 0.28 × 10 −5 mD) and complex mineral composition. Samples of YV-1 have an extreme high content of clay mineral (71.33% average) and clay mineral is mainly consist of the I/S, chlorite and kaolinite. While, samples of XD-1 have a relatively low clay mineral content (37% average) and the I/S occupies an absolute advantage. These differences may be related to the depositional environments and material sources. The average PV and SSA values of YV-1 are larger than those of XD-1, indicating a greater gas adsorption and storage potential. Samples of YV-1 have multimodal PSD curves with the major peak at 40-50 nm, which suggests that mesopore occupies an absolute advantage and is the predominant contributor to pore structure. Samples of XD-1 have bimodal PSD curves with a major peak at 3-4 nm, which indicates that micropore also occupies a certain proportion in addition to mesopore. 3.
Samples have the same kerogen type (type III) and different maturity. OM pores are largely developed in XD-1 samples, whose kerogen is in the stage of dry gas window. Clay mineral-hosted pores, including intraparticle pores and interparticle pores, dominate the pore system of YV-1. According to the type of hysteresis loops, pore geometries of YV-1 and XD-1 are mainly slit-shaped (type H 3 hysteresis) and ink bottle-shaped (type H 2 hysteresis), respectively. The fractal dimension value of XD-1is slightly larger than that of YV-1 (on average 2.787 and 2.756), indicating a rougher surface and a more complicated structure of shale reservoir. The gas adsorption capacity is mainly affected by the TOC contents, clay mineral compositions and pore SSA, and has a significant positive correlation with fractal dimension value.
4.
Based on the comprehensive comparison of geological characteristic, organic geochemical characteristic, mineralogical composition, pore structure, gas adsorption capacity and fractal characteristic of YV-1 and XD-1, it is clear that shales deposited in a lagoon-tidal flat environment with high TOC content, higher maturity, suitable clay mineral contents and quartz contents, high PV and SSA, and higher fractal dimension have a greater potential for shale gas development.
